Synovial cells play a crucial part in gouty arthritis, with different features for the inflammation within the joint. However, there is no information about how the synoviocytes can mediate the activation of inflammation. We hypothesized that the process of monosodium urate (MSU) crystal uptake alters the inflammatory response of synoviocytes through regulation of unknown mechanisms. Synoviocytes were stimulated with MSU crystals, and the phagocytosis index (PhIx) was evaluated by counting of cells with MSU ingested using polarized light microscopy. Additionally, transmission electron microscopy and flow cytometry were performed. Secretion of cytokines was measured by a panel of immunoassays. Changes in gene expression of hypoxia-inducible factor-1 (HIF1A), von HippelLindau (VHL), and vascular endothelial growth factor (VEGF) were evaluated by quantitative real-time PCR (qRT-PCR). Protein levels were detected by ELISA. MSU crystals induced a time-dependent increase in PhIx and the formation of numerous secretory vesicles and cavities located in the cytoplasm. Culture supernatants of MSU-treated cells had high levels of the cytokines IL-1b, IL-6, IL-8, TNF-a, and MCP-1, and the growth factors NGF and HGF. The decrease in HIF1A gene expression was 0.58-fold, and overexpression of VHL and VEGF genes was 1.98-and 4-fold, respectively, in MSU-treated synoviocytes compared to untreated cells. Additionally, VEGF levels were increased. The identification of phagocytosis of MSU crystals triggering an inflammatory cellular state in synoviocytes suggests a possible mechanism of synovial activation in the pathogenesis of crystal-induced arthritis.
Introduction
Although gout is the most common inflammatory arthropathy in young males, its prevalence is underestimated due to the long asymptomatic phases of the disease.
1,2 Gout flares are characterized by acute burning arthritis with local hyperalgesia and pain caused by monosodium urate (MSU) crystals accumulated in the affected joint. 3 In gout, resident macrophages phagocytose MSU crystals and induce the release of pro-inflammatory cytokines such as IL-8, IL-6, MCP-1, and INF-c, as well as IL-1b via the assembly and activation of the NALP inflammasome. 4, 5 In turn, this secretion can promote the activation of synovial lining cells, which can participate in the inflammatory process of gout. 6 Thus, synovial fibroblasts can phagocytose MSU
Impact statement
Gout is distinguished by an inflammatory process that is mediated by phagocytosis of monosodium urate (MSU) crystals in synoviocytes by regulation of unknown mechanisms. Here we suggest that the synovial cells play a crucial role in gouty arthritis by activating inflammation by MSU uptake and increasing the secretion of proinflammatory cytokines IL-1b, IL-6, IL-8, TNF-a, MCP-1, and the growth factors NGF and HGF. We discuss some coexisting features in synoviocytes, including anomalous morphologies of the cells, and microvesicle formation, dysregulation in VEGF gene expression. We provide evidence that phagocytosis of MSU crystals triggers an inflammatory cellular state in synoviocytes in the pathogenesis of crystal-induced arthritis.
crystals and respond by releasing arachidonic acid metabolites, such as PGE2 7 and MCP-1, 8 besides contributing to neutrophil recruitment. These results suggest that synoviocytes also participate directly in the acute response to MSU crystals. However, there is no information on how the synoviocytes can mediate activation of inflammation within the joint.
A poorly studied pathway in gout is the hypoxiainducible factor-1 (HIF-1a) pathway, which is a transcriptional factor that is expressed in many cells, including synoviocytes, and is activated in response to hypoxia. 9, 10 In normoxic conditions, HIF-1a is hydroxylated on proline residues and allows recognition by the von Hippel-Lindau protein (pVHL) that targets HIF-a for proteasomal degradation. 11 However, during hypoxia, HIF-1a hydroxylation is inhibited and accumulates in the cytoplasm with subsequent translocation into nucleus and promote the gene expression hypoxia-sensitive like NOS2, VEGF, SOX9, COL2A1, among others, involved in various cellular and systemic adaptive responses to hypoxia, including angiogenesis, vasomotor regulation, cell proliferation and survival, cell death, and extracellular matrix metabolism. 11, 12 Additionally, HIF-1a is inducible by cytokines, including the hepatocyte growth factor (HGF), a cytokine produced from stromal cells that functions as a mitogen, morphogen. 13, 14 Also, HGF exhibits strong angiogenic properties through its ability to induce the expression of vascular endothelial growth factor (VEGF), which is another potent inflammatory and angiogenic factor and a classical mediator of sensitization of unmyelinated sensory nerves. 15, 16 Previous studies have demonstrated HIF-1a upregulation in the synovial membrane under pathological rheumatic conditions, including rheumatoid arthritis (RA) and osteoarthritis (OA). 17, 18 However, few studies about the role of HIF-1a in the inflammatory microenvironment promoted by the phagocytosis of MSU crystals and the relationship between inflammation and pain have been performed. Therefore, the present study aimed to evaluate the effect of the phagocytosis of MSU crystals on the gene expression levels of HIF1A, VHL, and VEGF in human fibroblast-like synoviocytes (FLS), with a view to evaluating the ability of the synoviocytes to mediate gout inflammation.
Materials and methods
This study protocol was approved by the Research Committee of the Instituto Nacional de Rehabilitaci on "Luis Guillermo Ibarra Ibarra" of Mexico (Ref.02/13) and carried out according to The Code of Ethics of the World Medical Association (Declaration of Helsinki). A written informed consent was obtained from all patients.
MSU preparation
MSU crystals were synthesized and characterized according to a previous study 19 and were sterilized at 180 C for 2 h. The absence of microbial contaminants was confirmed by negative cultures of microorganisms. The Limulus amebocyte cell-lysate assay (Sigma-Aldrich) demonstrated that they were bacterial endotoxin-free. 19 
Cell isolation and phenotyping
The FLS were obtained via mechanic-enzymatic breakdown of synovial membrane biopsies collected from five consecutive patients who underwent surgery for anterior cruciate ligament repair; none of them had history of gout, RA or clinically evidence of OA. FLS were isolated from tissue explants by digestion with 1 mg/mL collagenase type IA (Gibco, Life Technologies) for 2 h, with mixing at 37 C. The cells were seeded in T25 flasks at a density of 250,000/T25 flask until confluence. All cells were cultured in DMEM-F12 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S) (Gibco, Life Technologies). Subsequently, cells were incubated at 37 C and with 5% CO 2 , and the medium was changed every three days. The cells were harvested at confluence (TrypLE Express, Gibco, Life Technologies) and seeded into new flasks, one per patient; FLS were used at the fourth passage for the experiments. Phenotyping of synoviocytes was performed by surface markers with PE-conjugated monoclonal antibodies from BD PharMigenTM, California, USA, anti-CD166 was used for fibroblast ( Figure 1(a) ), anti-CD47 for mesenchymal cells (Figure 1(b) ); and anti-CD14 associated to macrophage (Figure 1(c) ). Data were collected through of FACSCalibur flow cytometer and analyzed with CellQuestTM PRO software (Becton-Dickinson). In addition, FLS analysis was evaluated by expression of prolyl-4-hydroxylase (P4H) by immunofluorescence assay (IFA) and Western blot (WB). For the IFA, cells were seeded into fixed and permeated chamber-slides. Typical morphology of FLS was observed (Figure 1(d) ). Subsequently, cells were incubated with primary antibody P4H (ab108980, Abcam), followed by a secondary antibody (ab Alexa Fluor V R 488, Abcam). Images were captured with an Ism 5 beta Carl Zeiss microscope ( Figure 1(e) ). Analysis of the protein content was performed by WB according to Zamudio-Cuevas et al. 19 using secondary antibody ab97200 Goat pAb Rb, Abcam. Normalization was carried out with a b-actin antibody from Sigma (A3854). Blots were revealed using Immobilon Western Chemiluminescent HRP Substrate (Millipore Corporation, USA) and were scanned with an Amersham Imager 600 RGB (GE) (Figure 1(f) ).
Experimental model
FLS were seeded in 24-wells treated cell culture plates at a density of 35,000/well, cultured in DMEM-F12, supplemented with 10% FBS and 1% P/S at 37 C, with 5% CO 2 and an air humidity saturation of 95%. At 24 h, cells were treated with MSU crystals at 75 mg/mL in a DMEM-F12 supplemented medium with 2% FBS at different periods of incubation as follow: 5 min, 15 min, 20 min, 30 min, 60 min, 2 h, 4 h, 6 h, 12 h, 24 h, 48 h, and 72 h for phagocytosis assay. FLS incubated with medium alone served as controls. The 24 h time of exposure was one of the mainly used for subsequent analyzes. 
Phagocytosis assay
After incubation with MSU crystals, the adherent FLS monolayer was washed with PBS, and then it subjected to enzymatic disaggregation with TrypLE Express (Gibco, Life Technologies, USA). Intracellular crystal analysis was performed by placing a drop of cellular suspension between a cover slip and a slide using a polarized microscope with first-order red compensation (Axioskop 40, Carl Ziess). A measure of phagocytic activity of the FLS was determined by counting 100 successive cells in different sections and identified the number of cells that internalized at least one crystal through changes in the birefringence intensity of MSU ( Figure 2 ). The percentage of FLS showing phagocytic activity (phagocytosis index) was calculated by number of FLS with MSU-crystals phagocytized per 100 FLS. Phagocytic activity was expressed as Phagocytic index (PhIx). Additionally, the phagocytosis of MSU crystals was examined by transmission electron microscopy, according to a previous study 19 and also by flow cytometry analysis using side and forward scatter parameters.
Cytokine determination
Since IL-1b is one of the main inflammatory factors in the process of acute gout, we evaluated its production at different time points in supernatants from MSU-treated and MSU-untreated cultures. IL-1 was determined by the Human IL-1 Standard ABTS ELISA Development Kit (Peprotech, USA) according to the manufacturer's instructions. Additional measurement of other cytokines levels (IL-6, TNF-a, IL-8, MCP-1, NGF, and HGF) were measured at 24 h time using the Milliplex Human Adipocyte Magnetic Panel (Merck-Millipore, Darmstadt, Germany). The quantification was performed by Magpix MerckMillipore and results were expressed in pg/mL. VEGF was determined by the Human VEGF Standard ABTS ELISA Development Kit (Peprotech, USA).
Quantitative real-time PCR
Total RNA from the FLS with MSU crystals and controls was extracted by the Trizol method, 20 and was treated with DNAse to remove contaminating genomic DNA, and the quantitative real-time (qRT-PCR) of the UGDH, HIF1A, VHL, and VEGF genes was performed in a RotorGene Q Thermocycler (Supplementary Table 1 ), using the RT2 First Strand Kit (Qiagen). The results were normalized to the housekeeping RPL27 gene, and the relative quantification was performed using the Relative Expression Tool software 2009 (REST-v09). At the end of the amplification, a melting assay was performed to confirm the specific size of each gene product.
Statistical analysis
Each experiment was performed in at least three independent experiments. Statistical analysis was performed using GraphPad Prism v 6.0 with analysis of variance (ANOVA), followed by a one-way post hoc Dunnett's test. P values 0.05 were considered as statistically significant.
Results

FLS internalize MSU crystals
In response to MSU crystals, FLS showed a 33.6% increase in the PhIx for crystal internalization (P < 0.0001, in comparison to the control), starting at 5 min of stimulation. This internalization of the MSU crystals was time-dependent until reaching a maximum peak of 94% PhIx at 6 h (P < 0.0001, in comparison to the control), without showing changes at 12, 24, and 72 h when compared to 6 h ( Figure 3 ). Electron micrographs showed structures representing cavities of MSU crystals deposited in the cytoplasm. They also evidenced numerous vacuoles of different shapes and sizes induced by MSU crystals, in comparison to non-stimulated FLS (Figure 4 (a) and (b)). Flow cytometry analysis showed an increase in the forward scatter of the FLS, induced by MSU crystals, in contrast to a decrease in side scatter, when compared to untreated cells; however, these results were not significant (Figure 4 (c) and (d)).
FLS activation following MSU crystal uptake
MSU-treated FLS increased the production of IL-1b at 12 and 24 h ( Figure 5 ), as well as other inflammatory cytokines such as IL-6, TNF-a, and HGF and chemokines such as IL-8, Figure 6 ).
MSU crystals induce inflammation through the VEGF gene and protein expression in FLS
qRT-PCR analysis indicated that the expression of the VEGF gene in the presence of MSU crystals was increased 7.82-fold, when compared with non-treated cells. Similarly, the VHL expression (the negative regulator of HIF1A) showed a 1.85-fold augmentation, compared with non-stimulated FLS. Finally, the FLS exposed to MSU crystals decreased the mRNA expression of the HIF1A gene by 0.53-fold compared with non-treated FLS ( Figure 7) . Concomitantly, VEGF secretion was increased at 24 h after MSU crystal stimulation ( Figure 8 ).
Discussion
Gout is a paradigm for acute inflammation triggered by interaction between MSU crystals and the local tissue environment. The cells that are most commonly studied in vitro in gouty arthritis are neutrophils and macrophages. 21 However, our current results suggest that FLS may also participate by uptake of crystals through phagocytosis.
The current study provides further insight into the activation of the MSU crystals in the phagocytic capacity of human FLS, as well as their regulating role in the development of the inflammatory response mediated by MSU crystals.
Firstly, our findings showed a marked increase in PhIx in FLS stimulated with MSU crystals in a time-dependent manner. Visualization with polarized light microscopy showed that 95% of the FLS can phagocytize MSU crystals 
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after 24 h. Moreover, the morphostructural scanning electron microscopy analysis showed traces left behind by the phagocytized crystals, as well as the presence of several secretory vesicles in the cytoplasm, which suggest the production of pro-inflammatory cytokines in response to MSU crystals.
Results from experiments in which leukocytes phagocytized MSU crystals show that the crystals, once phagocytized, may be released by cell disruption, whereas the cytokines leak out into the cytoplasm. [22] [23] [24] Even though MSU crystal phagocytosis induces morphostructural changes in FLS, these could not be detected with the side and forward dispersion indices of the cells by flow cytometry, even though this method has previously revealed significant differences between sidescatter and forward-scatter profiles in monocyte/macrophage cell lines. 25 In addition, previous studies shown that phagocytosis of MSU crystals increase of side scatter in neutrophils, eosinophils, and basophils due to induction of extracellular DNA traps 26 or by a phenotype change in CD14þ monocytes. 27 Since IL-1b is one of the main inflammatory factors in the process of phagocytosis of MSU crystals in acute gout, 21 detection of IL-1b level was verify at different time points. Our results showed that MSU crystals increased the production of IL-1b at 6, 12, and 24 h, suggesting an association with times in which greater phagocytosis of MSU crystals is detected. Upon discovering the formation of secretory vesicles, we decided to evaluate their secretion into the supernatant of the MSU crystal-activated FLS using a low-density array for pro-inflammatory cytokine detection. We identified cytokines (IL-6, TNF-a), chemokines (IL-8, MCP-1), and growth factors (NGF, HGF) with an inflammatory activity that have already been associated with the acute inflammatory phase of gout. 28 The greater than two-fold increased secretion of IL-6, TNF-a, IL-8, and MCP-1 found here is consistent with other in vitro studies, where the same phenomenon was observed. 29, 30 These cytokines have been reported to be increased, in vivo, in the synovial fluids and the synovial membranes of patients with joint disease. 31 Our study demonstrates an increase of NGF, a nociceptive pain modulator that, in addition to its neuronal effects, is known to act on inflammatory cells as a critical factor in inflammationassociated hyperalgesia. 32 NGF is a growth factor associated with inflammation in chondrocytes and synovial fluid from OA patients, 33 and is upregulated in the FLS of inflammatory arthritis, such as RA and psoriatic arthritis. This suggests that dysregulated production of NGF has the potential to induce inflammation and joint damage. 34 The close relationship between inflammation and angiogenesis has been established in the pathogenesis of joint diseases, including crystal-induced arthritis. 21 We observed that MSU crystal stimulated FLS secrete higher levels of HGF, a multifunctional factor that has been identified in osteoarticular tissues as a key molecule for bone and cartilage replacement after these have suffered damage. 35 Increased production of HGF in the synovial fluid has been reported in damage mechanisms like RA, which has been associated with the vasculoproliferative phase of inflammation. [36] [37] [38] The capacity of HGF to trigger vascularity is based on its ability to activate HIF1A transcription and reestablish normal oxygen conditions under hypoxic conditions. 13 In rheumatic diseases, particularly in OA, HIF-1a has a role in the transcriptional response regulating angiogenesis. 39 Therefore, we decided to identify whether HIF1A is overexpressed in inflammation induced by MSU crystals in FLS. We identified a decrease in HIF1A levels in the FLS treated with MSU crystals, compared with the controls, in contrast to the increase in VHL expression.
We found that VEGF was overexpressed in synoviocytes stimulated with MSU crystals. Therefore, MSU crystals did not activate VEGF by the canonical HIF1A pathway, at least for a time after 24 h. Additionally, it is possible that other transcription factors such as nuclear factor-kappa B (NF-kB) and activator protein-1 (AP-1) may be involved in the activation of VEGF. 40, 41 Our data showed that MSU crystals could decrease the gene expression of HIF1A in FLS, contrasting with the overexpression of HIF1A in the inflamed synovial membrane, due to the increased oxygen demand caused by the inflammatory process and tissue damage. 42 All studies published so far have pointed to the synovial lining layer as the main site of HIF1A expression. It is not clear whether this expression is due to other lineages, as HIF1A is upregulated in RA fibroblasts, CD3þ T cells, and CD68þ synovial macrophages. 18 However, the precise role of HIF1A remains to be defined. Little was known about the contributions of the different HIF-1 subunits, but recent studies have shown that HIF-2a is mainly overexpressed in fibroblasts, where it enhances their osteoclastogenic potential and regulates cell proliferation, expression of receptor activator of NF-kB ligand, and induction of several catabolic factors 12 ; additionally, HIF-2a subunit is also involved in cartilage destruction. 43 Therefore, other subunits not evaluated in this study such as HIF-3a, 44 that may be playing a role as regulators of the synovial inflammation in gout.
In conclusion, we confirmed that MSU crystals phagocytosis activates FLS as mediators of inflammation, producing cytokines and chemokines that mediate the recruitment and activation of leukocytes. Further studies are needed to achieve a better understanding of the phagocytosis mechanism triggered by MSU crystals, as well as to elucidate the pathway of the inflammation process that takes place on the synovial compartment, and which could contribute to the angiogenesis and pain experienced during an acute gout attack. This model of inflammation caused by MSU crystals phagocytosis in FLS is crucial for determining the role of anti-inflammatory molecules during the development of therapeutic targets to block synovial inflammation.
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